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ABSTRACT
Neural (N-) cadherin is a transmembrane protein within adherens junctions that mediates
cell-cell adhesion. It has 5 modular extracellular domains (EC1-EC5) that bind 3 calcium ions
between each of the modules. Calcium binding is required for dimerization. N-cadherin is
involved in diverse processes including tissue morphogenesis, excitatory synapse formation and
dynamics, and metastasis of cancer. During neurotransmission and tumorigenesis, fluctuations
in extracellular pH occur, causing tissue acidosis with associated physiological consequences.
Studies reported here aim to determine the effect of pH on the dimerization properties of EC1EC2 N-cadherin in vitro.

Since N-cadherin is an anionic protein, we hypothesized that

acidification of solution would cause an increase in stability of the apo protein, a decrease in the
calcium-binding affinity and a concomitant decrease in the formation of adhesive dimer. The
stability of the apo monomer was increased, and the calcium-binding affinity was decreased at
reduced pH, consistent with our hypothesis. Surprisingly, analytical SEC studies showed an
increase in calcium-induced dimerization as solution pH decreased from 7.4 to 5.0.

Salt-

dependent dimerization studies indicated that electrostatic repulsion attenuates dimerization
affinity. These results point to a possible electrostatic mechanism for moderating dimerization
affinity of the Type I cadherin family.
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CHAPTER I

Chapter 1 of this thesis contains a brief review of cadherin structure and function with
special attention paid to the unique physiological responsibilities of neural cadherin. The use of
PROPKA for estimation of pKa of ionizable amino acid residues will be discussed as well.
INTRODUCTION
Solid tissue requires adhered cells. Adhesion occurs in several varieties including tight
junctions, adherens junctions, and desmosomes, all of which require transmembrane proteins
called cell-adhesion proteins. Among the family of these cell adhesion proteins, the cadherin
family has 6 sub families with a total of over 100 known members that are differentially
expressed according to tissue type and organism [1]. Cadherins are transmembrane proteins with
dynamic, extracellular domains whose interactions with apposing cells facilitate specific cell
response mechanisms [2]. They are calcium-dependent glycoproteins whose homophilic
interactions form adherens junctions between cells [3]. The responsibility of cadherin in
maintaining multicellular structure integrity [4], selecting cell-cell adhesion (cell sorting) [5], and
playing important roles in embryogenesis has been widely studied [6, 7]. Cadherins bind to α- and
β-catenins in the cytoplasm to form the cadherin/catenin complex to link cellular adhesion to
intra-cellular signaling pathways including gene expression and cell cytoskeleton activation.
Considering the vast location and cellular implications of cadherin molecules, understanding
how environmental fluctuations affect their structure and function can be useful.
1

STRUCTURE
In terms of structure, all members of the cadherin family are similar, with an
extracellular, multi-domain β-barrel structure with an IgG type I consensus fold [8]. The
extracellular (EC) region is anchored to the cell membrane via a short transmembrane region
(approximately 24 residues) followed by another short cytoplasmic region that is highly
conserved across the cadherin family. Each EC domain consists of seven (A-G) β-strands that
are structurally similar across the cadherin family, with the exception of the strand A in EC1,
which participation in adhesive dimer formation. These EC domains consist of approximately
110 amino acid residues. A hydrophobic pocket is located in EC1 that allows docking of strand
A from a partner protomer. This pocket consists of hydrophobic residues involved in the
interaction between a tryptophan residue (W2) during the “closed” monomer state, as well as the
strand-swapped dimer state. The “open” monomer state describes the condition where strand A
is exposed and W2 is accessible to solvent. This tryptophan docks in the hydrophobic pocket,
which contains hydrophobic residues, most notably an alanine (A80), whose methyl side chain is
thought to interact with W2 [9-11]. A mutation of W2, as well as A80, results in a loss in
dimerization capability [10]. A multi-proline sequence in strand A allows for a decrease in
hydrogen bonding with strands B and G, and is responsible for the increase in strand mobility
required for dimerization [12, 13].
Cadherins form several dimer structures that are physiologically relevant. Dimerization
affinities are dependent on calcium concentration, and can differ through the cadherin family [14,
15]

. Three calcium ions bind in conserved sites between each EC domain. The N-terminal,

extracellular domain engages in dimerization with a partner protomer via a β-strand, strand
cross-over mechanism (strand-swapped dimer). Dimerization is achieved through an
2

intermediate state called the initial-encounter complex (X-dimer) before the strand-swapped
dimer conformation is formed. This X-dimer interface is located in the EC1 domain, opposite
the strand-swapped dimer interface. Dimerization causes a shift from a dynamic to a more rigid
structure; a process that is thought to have one or more intermediary structures [16]. Some
members of the cadherin family can undergo lateral (cis) dimerization, thought to increase
adhesivity and promote trans dimerization. Whereas trans dimerization occurs between two
protomers emanating from two different cell surfaces, cis dimerization occurs amongst
protomers of a single cell. This cis aggregation can be accomplished as homo or heterodimers
[17]

, a significant difference from the rarity of trans-heterodimerization, which is thought to only

occur during tissue remodeling or cell migration [18, 19]. The location of the “cis interface” was
found to be between the two domains [20, 21]. Furthermore, a highly conserved HAV sequence
(H79, A80, and V81) is essential for trans dimerization and, presumably, the functionality of the
hydrophobic pocket [22]. However, mutations in the HAV sequence do not hinder the formation
of the cis dimer.

Moreover, elucidation of dimerization dynamics and pathways is paramount

considering the widespread expression and physiological importance of the type 1 cadherin
family.
NEURAL CADHERIN
One of these differentially expressed cadherin is neural cadherin (NCAD), which is
expressed in a variety of tissues, notably neuronal synapses [23, 24] and metastatic cancer cells [25,
26]

. Concerning neurons, NCAD is involved in synaptic plasticity and dendrite morphogenesis

and located primarily at excitatory synapses. Studies have shown that NCAD is specifically
expressed in key regions such as synaptic junctions and primordial neural tubes [23, 27]. Recent
studies have shown that increased neuronal activity results in increased expression of NCAD on
3

dendrite cell surfaces[28]. Furthermore, the ability to establish new synaptic connections has been
inhibited through NCAD antibodies [29]. NCAD is required for late-phase long term potentiation
(LTP), leading to its essential role in memory function [30]. The NCAD-catenin complex has
been shown to be involved in processes such as pre and postsynaptic organization and synapse
function [27]. In periods of increased synaptic activity, we see a proton influx into the
extracellular space. The effect of a decrease in pH on NCAD has only been a topic of recent
interest [31]. It should be noted that increased synaptic activity results in a decrease of calcium
concentration at the synaptic junction. This same extracellular pH fluctuation is witnessed in
metastatic cancer cells.
Along with neurons, NCAD expression is increased in cancer cells consistent with tumor
progression and metastasis. The decrease in epithelial cadherin (ECAD) expression and
increased NCAD expression (cadherin-switching) consistent in metastasis was found to be a rate
limiting step in tumor progression [32-35]. This upregulation of NCAD has allowed the protein to
be used as a marker for more aggressive lesions [36, 37]. NCAD is thought to assist cancer cells in
adhering to secondary sites in the body by binding to fibroblast growth factor receptor (FGFR) as
it does in neuron outgrowth [38]. The binding of NCAD to FGFR elicits a cellular response
resulting in the expression of an extracellular matrix degradation enzyme (MMP-9) [39]. The
production of MMP-9 is characterized by heightened cellular invasiveness and eventual
metastasis [40, 41]. Concerning the extracellular environment in cancer cells, it is known that the
EC space in tumors undergo acidification due to protons being pumped out of the cell. Increased
metabolic rates cause an increase in protons generated inside tumor cells, which are pumped into
the extracellular space by an increase in transmembrane proton pump expression. This “reverse”
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pH gradient is a hallmark of most cancer cells, regardless of tissue location (c.f. [42, 43]). The
effect of this drop in pH, if any, on cell adhesion by NCAD has not yet been characterized.
Moreover, we see a common theme of extracellular pH decreasing in both the firing of
neurons and the metastasis of cancer. The measurement of pH in active synapses has been
unsuccessful. The decrease in pH in cancer tissue has been measured to be as low as 6.5 [43] and
5.2 in the extracellular space of synapses [44-46]. The effect of the exposure of NCAD to this pH
fluctuation provides a simple question. Does this drop in pH have an effect on the structure or
function of NCAD?
EFFECTS OF pH
The activity and function of many proteins are affected by pH through stability, ligand
binding, assembly, and dynamics [47-50]. Also, the in-vitro expression of membrane proteins can
be affected with fluctuations in extracellular pH [51]. The introduction of hydrogen ions into
solution causes protonation of titratable sites which varies the net charge of a protein. This
continuously alters the electrostatic environment on the surface of a protein. Electrostatic
interactions, such as salt bridges and hydrogen bonding networks, are governed by charged
residues. The protonation of titratable residues is governed by the pKa of the side chain groups
such as the distal carboxyl groups in aspartate and imidazole groups in histidine residues. The
de-protonation of basic residues, arginine and lysine, are possible as well; however, these pKa
values tend to stay above physiological pH (7.4-6.8). The pKa values of acidic and histidine
residues can shift into the physiological range, leading to their relevancy in governing protein
dynamics and interactions.
Residue pKa values can differ based on location, neighboring side chains, and solvent
exposure. Isolated acidic amino acid pKa residues exist well outside physiological pH range;
5

however, when these residues encompass a protein, the free energy of ionization is modified.
Buried acidic residues have been shown to have pKa values as high as 9 in some instances [52].
Acidic residues, usually located on the exterior of a protein, can be located in ligand binding
pockets, which could make them particularly sensitive to large pKa shifts. The protonation of
these ligand-binding residues could affect ligand-binding affinity. Resident side chains can also
affect pKa values in acidic residues. Hydrogen bonding with neighboring residues results in a
decrease in pKa value from the isolated value [53]. Lastly, acidic residue pKa values can shift as
a result of solvent exposure, or lack thereof. Carboxyl groups of acidic residues that are buried
in the hydrophobic core of a protein often show increased pKa values. Desolvation decreases the
pKa values of basic residues and histidine by increasing the energy of the positively charged acid
[54]

. Histidine residue pKa values have been shown to be as low as 4.6 and as high as 9.2 [55, 56].

Moreover, histidine residues have been characterized as pH “sensors” concerning protein
conformation [57, 58]. All of these factors contribute to shifting pKa values of amino acid residues
resulting in the dynamic electrostatic surface of a protein.
COMPUTATION OF pKa VALUES
There are many ways to determine amino acid residue pKa values. Experimental
practices such as protein NMR titrations are implemented for the most accurate estimates;
however, this method is time consuming and particularly challenging for large, acidic proteins
such as cadherin. Computational methodologies can also be utilized to assess pKa values, each
method having its own respective advantages and disadvantages. Early methods were based on
continuum dielectric models with the assumption that proteins were a low volume, low dielectric
constant sphere immersed in a solvent with a high dielectric constant [59]. The simplicity of these
methods led to inaccurate results that were improved through modifications such as the
6

correction for exposed surface area, protein-solvent interface models, and induced charge
perturbations. Most computational methods involve solving the Poisson-Boltzmann (PB)
equation, which models the total electrostatic surface charge of a protein given charge
distribution and dielectric effects [60]. Solving the PB equation is dependent on a static structure
that is unrealistic in most cases concerning proteins. Herein lays one disadvantage of the
computational method of determining pKa values; the utilization of protein crystallography
structures, implying that proteins are static, non-dynamic structures [61]. Also, these methods do
not take into account the effect of pH on the structure of a protein. To quantify accuracy, results
from studies of model proteins using computational methods are compared to those from
experimental methods to determine a root mean square deviation (RSMD). Those methods
which have a RMSD <1 are preferred [54, 62].
We implemented an empirical computational method in our work, PROPKA, which has
been widely discussed in recent years [63-65]. With a RMSD of 0.78 pKa units, this method is
suitable for our studies. PROPKA predicts pKa values of ionizable groups by applying an
environmental perturbation to an unperturbed, intrinsic pKa value of that same group. Through
hydrogen bonding, desolvation effects, and charge-charge interactions, PROPKA estimates pKa
values of titrabable residues in a PDB file [54, 66]. This process becomes problematic with
ionizable residues that bind ligands or are deeply buried. Recent advancements incorporated in
PROPKA 3.1 have improved the task of estimating pKa value at these sites. PROPKA 3.1 was
developed for the purpose of determining the effects of binding of multiple ligands on the pKa
values of adjacent ionizable groups. Also, PROPKA 3.1 takes into account covalently and noncovalently coupled ligand groups. Perhaps the largest advantage of PROPKA compared to other
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methods is the speed at which results can be obtained. With the selection of a PDB file and
PROPKA version, pKa estimations can be obtained in seconds.
ELECTROSTATICS IN NCAD
In our experiments, we use an abbreviated NCAD construct consisting of the two most
distal EC domains. NCAD12 is well studied and is determined to be the simplest construct
capable of dimerization [9, 67, 68]. Comprising of 219 residues, 24 acidic residues and 15 basic
residues, NCAD12 has an overall charge of -8.8 at pH 7.0 [69, 70]. In the folded structure, acidic
residues are located on the surface or in the calcium-binding region between EC1 and EC2.
There is also a dense population of titratable residues located at the dimerization interface toward
the distal portion of EC1. Three histidine residues are located in NCAD12, none of which are
located by the calcium-binding cleft or dimerization interface. All three calcium-binding sites
are composed of acidic residues. Considering that the residues that bind calcium are relatively
buried, we would expect pKa values that are shifted toward a physiological pH. Protonation of
these acidic residues could result in different calcium-binding affinities as well as structural
consequences. Also, protonation of negatively charged residues on a protomer that is overall
negatively charged could result in an increase in stability by reducing electrostatic repulsion. We
utilized PROPKA 3.1 to estimate pKa values of all titratable residues in NCAD12 through the
2QVI PDB structure, which includes calcium ions bound. These results point toward a select
number of residues that could govern NCAD12 properties. The protonation of acidic and/or
histidine residues resulting from decreasing solution pH showcase how the electrostatic
properties of a protein can shift and affect protein properties.
We assessed NCAD12 stability, calcium-binding affinity, and dimerization affinity as a
function of pH. We hypothesized that a decrease in pH would result in an increase in NCAD12
8

stability due to a decrease in a net negative charge at pH 7.4. In addition to stability, we would
expect the calcium-binding affinity to decrease due to the protonation of calcium-binding
residues. Lastly, due to a decrease in calcium-binding affinity, we would expect a decrease in
dimerization affinity. Results of these hypotheses are outlined in the next chapter.
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CHAPTER II

Chapter II contains a submitted manuscript detailing all experimental procedures, results,
and a limited discussion. The manuscript is entitled, Impact of pH on the Structure and Function
of Neural Cadherin. This paper was submitted to ACS Biochemistry. It is currently under
revision. Matthew Dukes is second author and was an active participant in aspects of data
collection and initial discussion of concepts. I was directly responsible for all data in figures,
tables, and all computational efforts. I also wrote and revised this manuscript.
INTRODUCTION
Extracellular pH in humans is actively maintained between pH 7.2 and 7.4, except in
abnormal states such as metastatic cancer
[75]

[71, 72]

, unregulated diabetes mellitus

[73, 74]

, starvation

, and extreme synaptic activity, where pH has been shown to be as low as pH 6.0

[76]

. The

effect of the microenviroment on cell-cell adhesion may play a significant physiological role.
Our interest is in how decreased pH will affect adhesion by N-cadherin, a cell adhesion molecule
in adherens junctions that is critical in neurological synapse formation

[77, 78]

. N-cadherin is the

primary cell adhesion protein within synaptic adherens junctions at the transmission zone, and is
directly exposed to proton flux during periods of increased synaptic activity

[45]

. N-cadherin

expression is also up-regulated in tumor progression, angiogenesis, and metastasis of numerous
10

types of cancer cells

[26, 79-81]

. Tumors in active periods of growth have been shown to acidify

due to the Warburg effect, a state that is consistent with tumor cell proliferation

[82, 83]

. Since N

cadherin is an anionic protein, pH may have a profound effect on its structure, stability, and
function.
N-cadherin is a member of the classical or type I cadherin family consisting of five
tandem repeating extracellular domains, a single-pass transmembrane region, and a conserved Cterminal cytoplasmic region

[84]

. Formation of adhesive dimers between cadherins on apposing

cell surfaces occurs through the formation of a strand-swapped structure, which forms via the
exchange of the N-terminal βA-strand between juxtaposed EC1 domains

[3, 5, 85]

. The strand-

swapped structure is stablilized by docking of the side chain of a conserved tryptophan (W2) into
the conserved hydrophobic pocket of the neighboring protomer. Since the strand-swapped
interface is located in the first domain of the EC region

[21, 86, 87]

, the studies reported herein

utilize the first two EC-domains of N-cadherin (NCAD12). The two-domain construct has been
well characterized in Type I cadherins

[9, 67, 88]

and is the minimal functional unit required for

calcium-dependent dimerization in vitro.
The interface between tandem EC domains contains amino acids that play critical roles in
the adhesion process. These amino acids constitute three calcium-binding sites composed of
clusters of negatively-charged carboxyl groups from both modular domains that comprise the
calcium-binding pocket. The critical anionic residues in the NCAD12 calcium-binding pocket
are E11, D67, E69, D103, D134, D136 and D194 in N-cadherin. Calcium-binding sites 1 and 2
are linked by the side chain oxygens of E11, E69, and D103. Sites 2 and 3 are linked by the side
chain oxygens of D136, while site 3 comprises, in part, both side chain oxygens from D134
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[67]

.

Studies have shown that mutations of these residues resulted in a dramatic decrease in calciumbinding affinity and dimerization [10, 89, 90].
Isolated amino acid pKa values of acidic residues (4.5-3.3) are well outside the
physiologicially relevant range (7.4-6.0)

[91]

; however, Ka values for acidic residues in folded

proteins can differ by orders of magnitude from these canonical values, especially in acidic
proteins where they have been shown to be as low as 10-9

[92-94]

. NCAD12 also contains three

histidine residues (H75, H79, and H110) whose protonation state would change in a
physiological relevant pH range. Histidine residues have been characterized as “pH sensors” [57,
58, 95]

, and can affect protein conformational stability in a physiological pH range

[96]

. Thus, we

might expect significant protonation of critical acidic and histidine residues in a physiologically
relevant pH range.
Since the residues comprising the calcium binding sites are highly anionic, we
hypothesized that a decrease in solution pH would stabilize NCAD12 due to the decrease in
electrostatic repulsion from neutralization of acidic residues.

We also hypothesize that an

increase in solution acidity would introduce competition between calcium and protons for site
occupancy, resulting in a reduction of calcium-binding affinity followed by a concomitant
decrease in dimerization affinity. In this work, we will address the impact of pH on the stability,
calcium-binding affinity, and the dimerization affinity of NCAD12 protomers using
spectroscopic and chromatographic methods.
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EXPERIMENTAL PROCEDURES
Protein Expression and Purification
The cloning of the gene for the first two extracellular domains (residues 1-221) of
NCAD12 (EC1, linker1, EC2, and linker2) was described previously

[97]

. Recombinant pET30

Xa/LIC plasmids were amplified by KOD HiFi DNA Polymerase (Stratagene) and transformed
into Escherichia coli BL21 (DE3) cells [97]. Protein was overexpressed and purified as described
in previous work

[98].

Protein purity was verified via SDS-PAGE in 17% Tris-Glycine gels

through standard protocol

[99]

.

The concentration of the protein stocks was determined

spectrophotometrically (ε280 = 15,900 ± 400 M-1cm-1) [100].
Dilution Method for pH Adjustment
In order to create protein solutions at a range of pHs (7.4-5.0), we prepared our stock at
pH 7.4, but with a low buffer strength (2 mM HEPES). Identical diluent buffers at higher buffer
strength were made at pHs 7.4, 7.0, and 6.5 (40 mM HEPES, 140 mM NaCl) and at pH 6.0, 5.5,
and 5.0 (40 mM NaOAc, 140 mM NaCl). The NCAD12 stock in 2 mM HEPES at pH 7.4 was
diluted 1 part protein stock plus 2.4 parts diluent buffer (e.g. 80 µM stock; 23.5 µM working
concentration). We confirmed that this dilution ratio was sufficient to adjust the pH to the
desired level by measuring pH with a microelectrode.
Thermal Unfolding Studies
Thermal unfolding studies as a function of calcium and pH (6.0, 6.5, 7.0, and 7.4) were
performed on an AVIV 202SF Circular Dichroism (CD) Spectrometer. Solutions of 5 μM
NCAD12 were placed in a 1 cm quartz cuvette with a fitted temperature probe inserted through
the stopper. This concentration was chosen to minimize dimer formation while maximizing
signal to noise. The solution was stirred throughout data acquisition. Data were acquired at 227
13

nm at a temperature range of 15-95 °C (1°C intervals with a 30 sec equilibration period and a 5
sec data averaging time). The calcium-saturated samples were brought to 2.5 mM total calcium
concentration to ensure maximum saturation of binding sites at all pH values. Data were fit to
the Gibbs-Helmholtz equation with linear native and denatured baselines as described previously
[101]

. Tm and ΔHm values were allowed to vary in fits to this equation, while ΔCp was fixed to 1

kcal mol-1 K-1[97]. ΔCp was also fixed to 0 kcal mol-1 K-1 and 2 kcal mol-1 K-1 to determine the
effect of its value on resolved values of ΔHm and Tm. Variation, as a function of the value for
ΔCp, was smaller than the standard deviation in the resolved parameters.
Calcium Titrations
The CD signal of NCAD12 was monitored during calcium titrations using an Olis DSM
20 CD Spectrometer. Solutions of 1 mM, 10 mM, 100 mM, and 700 mM CaCl2 were each added
sequentially in 2.5 μL, 5.0 μL, and 10.0 μL increments to 5 μM NCAD12 in solutions with pHs
between 7.4-5.5. Samples were stirred throughout the titration. Titrations were performed at least
twice. CD signal was recorded in wavelength scans from 300-210 nm with an averaging time (113 seconds) that was proportional to dynode voltage at each wavelength. To resolve free energy
changes for calcium binding, titration data were considered at wavelengths from 230-220 nm to
optimize the signal to noise ratio.

Titration data were fit to an equation for equal and

independent sites with linear apo and saturated baselines.

While we expected cooperative

binding of calcium, data did not support analysis by a more complex model based on the span
and randomness of residuals of fitted data.
Disassembly and Assembly Studies
The impact of pH on dimer formation was investigated using Size Exclusion
Chromatography (SEC). A Superose-12 10/300 GL column (Amersham) was used on an ÄKTA
14

Purifier HPLC system (Amersham) with UV absorbance detection at 280 nm, a 0.5 mL/min flow
rate, and a 75 μL injection volume. The mobile phase consisted of 10 mM HEPES, 140 mM
NaCl, pH 7.4 (SEC Buffer). Chromatograms were offset corrected and then normalized against
the total height of the monomer and dimer peaks in the pH 7.4 sample to correct for small
differences in injection volume.
To determine the effect of pH on the assembly of dimer in the presence of calcium, we
exploited an analytically useful property of NCAD12. That is, rapid decalcification of the
calcium-saturated NCAD12 dimer (Dsat) causes the formation of a kinetically-trapped dimer
(D*apo). In this method, the concentration of D*apo reflects the amount of Dsat in the calciumsaturated solution [98]. To measure the effect of pH on the formation of Dsat, we first assessed the
effect of pH on D*apo. Secondly, we determined the effect of pH on Dsat.
To determine if pH had an effect on the disassembly of D*apo, the protein stock (80 µM,
pH 7.4) was brought to 1 mM calcium concentration and incubated for 5 minutes before adding
EDTA (5 mM, 30 minute incubation time) to decalcify and convert Dsat to D*apo. The dilution
method outlined above was used to bring the protein to a desired pH, and samples were injected
on the SEC column equilibrated in SEC buffer (pH 7.4) to assess the level of monomer and
dimer. To observe if disassembly of D*apo was time dependent, samples were incubated after
dilution to the desired pH for 0, 1 and 5 hours before injecting on the column.
To assess whether pH had an effect on the level of Dsat, we first established that D*apo did
not disassemble at pH lower than 7.4. Then, we prepared protein samples using the dilution
method outlined above in the presence of 1 mM calcium, added EDTA (5mM) to convert Dsat to
D*apo, and injected the samples on the SEC column. The protein stocks were at final pH values
of 5.0, 5.5, 6.0, 6.5, 7.0 and 7.4.
15

To determine if the concentration of NaCl would impact the formation of Dsat, the
previous experiment was performed in buffers with 60 mM, 140 mM, 500 mM, 750 mM, and 1
M NaCl at pH 7.4. The 60 mM NaCl sample was prepared by diluting the protein stock into 10
mM HEPES, pH 7.4. Samples with greater than 140 mM NaCl were prepared by adding
concentrated NaCl solutions to the protein stock. Samples at each NaCl concentration were then
brought to 1 mM calcium concentration and incubated for 5 min followed by addition of 5 mM
EDTA and then injection on the SEC column.
Prediction of pKa Values
To estimate the pKa of titratable residues, we used PROPKA (3.1). It uses a five-stage
empirical computing algorithm that accounts for the effects of hydrogen bonding, charge-charge
interactions, and desolvation from structural data resulting in predicted pKa values with an
overall RMSD of 0.79 pH units from experimental studies

[54, 66, 69, 70]

. PROPKA predicted the

charge of NCAD12 as -8.8 at pH 7.0. pKa values were predicted for all ionizable residues in
NCAD12 with and without the calcium ions present in the 2QVI PDB structure file [102, 103]. The
2QVI structure with calcium ions removed was not further minimized. According to PROPKA
3.1, the pI of NCAD12 is pH 4.3
Distances between residues in 2QVI crystal structure were determined with Swiss-Pdb
Viewer [104-106]. Distances mentioned were from the terminal carbon of each residue’s side chain
to illustrate distance between charged portions of each side chain, e.g. carboxyl group of D27 to
carboxyl group of E89.
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RESULTS
Thermal Unfolding Studies
Thermal unfolding studies were performed to observe the impact of pH and calcium on
the stability of NCAD12. The CD signal was monitored as a function of temperature. Two
distinct transitions were observed with the signal becoming increasingly negative as the protein
unfolded, consistent with a polyproline conformation of the unfolded state

[107]

. Previous work

has shown that the first transition corresponds to unfolding of EC2 and the second transition to
unfolding of EC1

[12]

. In the absence of calcium, NCAD12 was soluble and monomeric (Mapo)

from pH 7.4 to 6.0.

NCAD12 precipitated during denaturation experiments at pH values

approaching its pI, so we were unable to obtain estimates of stability at pH values below 6.0 in
the apo state and below 6.5 in the calcium-saturated state (Msat). For this same reason, we were
unable to further study the impact of pH on EC1. As expected, the stability of NCAD12
increased in the presence of calcium.
Thermal-denaturation profiles for EC2 as a function of pH and calcium are shown in
Figure 1. In the apo-state, the apparent stability of the protein increased as pH decreased. Data
were fit to the Gibbs-Helmholtz equation with adjustable baseline parameters. The values
resolved for Tm increased significantly as the pH decreased while the values resolved for ΔHm
decreased slightly leading to a net increase in calculated values for ΔG˚ at 37 ˚C (Table 1). In
the presence of calcium, the thermal-denaturation profiles were indistinguishable over the
accessible pH range. Identical values resolved for Tm, ΔHm, and calculated values for ΔG° at 37
°C, indicating that the binding of calcium masks the effect of decreased pH that was observed in
the apo state.
Calcium Titrations
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The pH dependence of calcium-binding affinity of NCAD12 was assessed via calcium
titrations monitored by CD spectroscopy. Figure 2 shows the CD signal as a function of calcium
concentration at each pH.

The data at each pH were normalized to correct for the pH

dependence of the magnitude of the CD signal. Data are offset for clarity. The CD signal
increased (less negative) with the addition of calcium at all pH values consistent with a calciuminduced increase in structure. Since the range of the CD signal over the course of the titration
was low at selected wavelengths (ΔΔε 2.3 ± 0.3 mdeg) for samples at pH 6.0 and 5.5, the signal
to noise ratio was poor. Studies were also attempted at pH 5.0; however, protein precipitated
during the titration. NCAD12 was >85 % saturated at 1 mM Ca2+ at all pHs.
Based on the randomness and span of residuals, data fitted well to a binding model of
equal and independent sites indicating that there was no observed cooperativity in calcium
binding from pH 7.4 to 5.5. There was a small, yet systematic, decrease in calcium-binding
affinity as pH decreased from 7.4 to 6.0 with a significant decrease in affinity as the pH was
decreased further to 5.5. This pH-dependent difference is reflected in resolved values for ΔG° in
Table 2 (ΔΔG°7.4-6.0 = 0.6 kcal/mol; ΔΔG°6.0-5.5 = 0.6 kcal/mol)
Disassembly/Assembly Studies
Analytical size-exclusion chromatography (SEC) was performed to monitor the level of
formation of calcium-saturated, adhesive dimer (Dsat) as a function of pH. To assess the level of
Dsat, we first investigated the effect of pH on the disassembly of D*apo. The dimer eluted at ~
11.7 mL and the monomer at ~ 12.8 mL. Previous studies of this system found that these
retention volumes correspond to the calculated radius of gyration based on the crystal structures
of the monomeric and strand-crossover dimer structures for classical cadherins

[97]

. Figure 3A

shows size-exclusion chromatograms of the disassembly of D*apo as a function of pH. As pH
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decreases over a range from pH 7.4 to 5.0, there is no change in the percentage of dimer (χ D) in
the sample, indicating that D*apo remained kinetically trapped. To determine if the disassembly
of D*apo at low pH was time dependent, protein stock at pH 7.4 was diluted to low pH and
incubated for 1 and for 5 hours before chromatographic analysis. The level of D*apo in those
experiments did not change over the 5 hour time period (χD = 51 ± 1 %; data not shown). It was
determined that a decrease in pH did not disassemble D*apo.
We monitored the level of Dsat by adjusting the sample to the desired pH, adding calcium
to form Dsat, then EDTA to convert Dsat to D*apo for quantification via analytical SEC. This
chromatographic experiment provides a ‘snapshot’ of the level of Dsat at a particular pH and
concentration. Unexpectedly, with a decrease in pH, we observed an increasing trend in the
fraction saturated dimer (χD) from 49% at pH 7.4 to 53% at pH 6.0. In this chromatographic
experiment we were able to broaden our pH window to 5.0 without protein precipitation and
found that χD continued to increase to 65% at pH 5.0.

Representative size exclusion

chromatograms are shown in Figure 3B, and illustrate the level of Dsat in solution as a function of
pH. Contrary to our expectations, the level of Dsat systematically increased with a change in pH
from 7.4 to 5.0. These results imply that the dimerization of NCAD12 increases with a decrease
in pH due to protonation of acidic or histidine residues.
The increase of dimer to monomer ratio as a function of pH led us to study the effect of
salt concentration on dimerization. Again, we used the level of D*apo in calcium- depleted
samples to monitor the level of Dsat in 1 mM calcium as a function of the NaCl concentration.
Dimer formation was found to increase with an increase in NaCl concentration (Figure 3C).
Dissociation constants and fraction saturated dimer percentages were calculated at all pH values
and salt concentrations (Table 3). Retention volume of the larger species (dimer peak) at low pH
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matches the predicted radius of gyration of the dimer, and it is well within the working range of
molecular weights capable of being discerned by the SEC column.
Prediction of pKa values in NCAD12
NCAD12 is an acidic protein with 26 acidic residues and 19 basic residues, including 3
histidines. Given the canonical pKa value for histidine, we expected that His 75, 79, and 110
would be titrated and positively charged on average in the pH range explored in our experiments.
These residues are not directly associated with the calcium-binding sites, however; His 79 is
located near (~10 Å) the strand-swapped interface in EC1. The three histidine residues have
predicted pKa values ranging from 5.7 to 6.3, regardless of the presence of calcium ions (Table
4).
The 17 aspartate and 9 glutamate residues in NCAD12 (221 residues) may also be
protonated if their pKa values are shifted toward the basic range, a phenomenon that is well
documented for acidic residues in active sites [108] or buried in the interior of proteins [109]. Since
the calcium-binding residues are in the interfacial region between adjacent modular domains, we
might expect their pKa values to be significantly shifted toward the basic range in the apo state.
For this reason, we suspected all ionizable calcium binding residues

[9]

listed in Table 4 could

have pKa values significantly more basic than the canonical values indicating that they may
impact the pH dependence of stability of NCAD12.
The results from PROPKA 3.1 computations of pKas for all residues of interest in the
presence and absence of calcium ions are shown in Table 4. We found pKa values of calciumbinding residues were shifted toward the basic range by ~ 2 pKa units when calcium was
removed from the 2QVI structure. This effect on calculated pKa is expected due to the density of
acidic residues in the interdomain calcium-binding pocket. Four calcium-binding residues show
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predicted pKa values in the range explored in these experiments: E11, E69, D134, and D136.
Residues that do not directly chelate calcium showed no shift in pKa values when the calcium
ions were removed with an average pKa of 3.7 ± 0.8, a value close to the canonical values for
free

amino

acids.

The

exception

is

E119,

with

a

predicted

pKa

of

5.9.

DISCUSSION
N-cadherin, a member of the classical cadherin family, is an acidic protein that requires
calcium for its function as a primary cell-cell adhesion molecule in adherens junctions. It plays
pivotal roles in tissue development [23, 110], cancer [26, 81] and neurological synapses [5, 111]. Due to
its prominent physiological role, the structure-function relationship of N-cadherin has been of
interest recently. In particular, our laboratory is interested in the effect of microenviroment on
the adhesive properties of N-cadherin.

The studies reported herein assess the effect of

acidification on N-cadherin function. Since we expected that protonation of calcium-binding
residues would decrease calcium-binding affinity, and calcium binding is required for
dimerization, dimerization affinity would also decrease.
promoted dimerization.

Surprisingly, a decrease in pH

In the following discussion, we consider pH dependent stability,

calcium-binding affinity, and dimerization.
At pH 7.0, NCAD12 has a net charge of -8.8 in the native state (PROPKA 3.1),
consistent with a significant impact of electrostatic repulsion in protein stability.

Since a

decrease in pH will lead to a net decrease in negative charge, we hypothesized that a decrease in
pH should increase the stability of Mapo. This is what we observed in thermal denaturation
studies. There is ample evidence that EC2 is destabilized by electrostatic repulsion. Previous
studies from our laboratory on the stability of isolated EC2 modules, from both E-cadherin
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[112]

and N-cadherin

[113]

, demonstrated that EC2 is destabilized by flanking acidic linker segments.

Furthermore, this destabilization by the adjacent linker segments could be overcome by addition
of NaCl.

Taken together, our studies indicate that the EC2 domain is destabilized by

electrostatic repulsion and can be stabilized by addition of NaCl or reduced pH.
Protonation leads to a decrease in overall negative charge due to an increase in positive
charge on His residues and a decrease in negative charge of acidic residues in N-cadherin. The
observed increase in stability in EC2 shown in the thermal-unfolding studies could be due to a
combination of histidine and acidic residue protonation. Considering the pH window that is
accessible in thermal unfolding studies (7.4-6.0), PROPKA 3.1 predicts that two residues in EC2
are protonated; H110, with an estimated pKa of 6.3, and E119, with an estimated pKa of 5.9
(Table 3). Given the high charge density in the calcium-binding pocket, protonation of calciumbinding residues will also support a net decrease in electrostatic repulsion.
We observed an increase in stabilization of NCAD12 as pH decreased. Thermodynamic
parameters in Table 1 provide insight into the increased stabilization of EC2 as a function of pH.
Based on earlier studies of isolated EC2 of E-

[112]

and N-cadherin

[113]

, we expected to see an

increase in Tm and a concomitant increase in the enthalpy change (ΔΔHm) at Tm, as net charge
was reduced. However, while Tm increased in these pH-dependent studies, enthalpy decreased,
albeit slightly (ΔΔHm of 7 kcal/mol). Bechtel et al state that enthalpy of protonation is not a
function of pH in protein stability

[114]

. The linear relationship between ΔHm and Tm allows

prediction of ΔCp, yielding a ΔCp for protonation close to 0 kcal/ (mol K). If we consider the
increase in Tm, assuming ΔHm to be constant, it would imply some decrease in entropy at Tm
(Tm*ΔSm = ΔHm; when ΔHm is constant). This result indicates either that decreasing the pH
produces a decrease in conformational entropy, an increased exposure of hydrophobic surface
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area, or a combination of both

[115]

. Enthalpy changes for single protonation events of Asp and

Glu residues are relatively small compared to those for protein folding (ΔHp of 0.5 to 1.5
kcal/mol)

[116]

, possibly leading to the small, observed change in the enthalpy of unfolding as a

function of pH.
We hypothesized that protonation of acidic residues in the calcium-binding pocket should
lead to an overall decrease in the calcium-binding affinity. As predicted, we found that a
decrease in pH did decrease calcium-binding affinity; higher calcium levels are required to
populate calcium-binding sites at lower pH values. However, the magnitude of this decrease was
only 0.6 kcal/mol over a 1.5 pH unit range (7.4-6.0). Additional calcium titrations at pH 5.5
showed the same reduction of 0.6 kcal/mol over a smaller pH unit range (6.0-5.5), indicating that
the protonation of key acidic residues does decrease the calcium binding affinity in a pH range
closer to the canonical value for protonation of acidic residues.
Previous studies on calcium binding have demonstrated the significance of D136, D134,
and D103 in determining NCAD12 calcium-binding affinity. D134 is required for calcium
binding at site 3, and binding at site 3 is required for calcium binding at sites 1 and 2

[98]

. D136,

a bidentate chelator of calcium at sites 2 and 3, is critical for ligation of both sites. The
protonation of D136 or D134, or both, would increase competition between protons and calcium
ions at sites 2 and 3, thus significantly decreasing overall binding affinity

[98]

. Based on the

PROPKA 3.1, estimates of pKa values for D134 and D136 implicated the protonation of these
two residues as a possible cause for the decrease in calcium-binding affinity at lower pH values.
Our third hypothesis was that the reduction in affinity for calcium will lead to a decreased
level of dimerization.

Contrary to our expectations, an increase in dimer affinity at the pH

values where we observed a decrease in calcium-binding affinity was observed. Salt-dependent
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studies were performed to confirm that this observation could be explained by an electrostatic
affect.

The salt-dependent results support the argument that screening of surface charges

promotes interaction between protomers, resulting in increased dimer formation.

Sivasankar

and Rakshit suggested that there is an, as yet uncharacterized, intermediate dimeric structure in
the transition between X-dimer and strand-swapped dimer structures

[117]

.

This proposed

intermediate must bury the strand-swapped interfaces of two protomers since the spectral signal
of W2 indicates that it is not exposed to solvent as it undocks and crosses over to dock in a
partner protomer in the formation of the strand-swapped dimer. This intermediate implies very
close contact between two protomers as the strand-swapped dimer forms. These results imply
that charged residues located at the contact surface between protomers at the strand-swapped
interface are responsible in tuning dimerization affinity as a function of pH.
Baumgartner et al recently demonstrated the adhesive properties of N-cadherin are pH
dependent in single molecule and cellular interaction studies

[31]

. They reported a maximal

binding activity of N-cadherin at pH 7.4 that decreased significantly over a very narrow pH
range to a minimum binding activity at pH 7.0, an opposite trend to the data reported here.
While our current report and Baumgartner et al both study N-cadherin, there are considerable
differences in these two studies, including the methods used and the protein constructs studied.
Our studies are focused on a minimal functional unit for dimerization that includes only the first
two extracellular domains (EC1 and EC2), while Baumgartner et al studied a 5-domain
construct. By considering our studies together, we would conclude that the effect at pH 7.0
reported by Baumgartner et al must be due to protonation events in EC3-EC5 and impose a
dominant negative effect over the pH-dependent change in chemistry in EC1 and EC2 reported
here. In support, Ozawa et al highlighted signal transduction through the EC-region of Type I
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cadherin, and showed that a mutation in the calcium-binding sites between EC2 and EC3 causes
a loss of adhesion [89].
In conclusion, within the pH range (7.4 to 5.0) NCAD12 show a pH-dependent decrease
in calcium-binding affinity and increase in dimerization affinity. The change in dimerization
affinity is consistent with electrostatic repulsion playing a role in moderating the affinity of
dimerization.

This observation begs the question of whether electrostatic interactions are

definitive contributors to the tuning of the relative affinities of N-, E- and P-cadherin at the
strand-crossover or X-dimer interfaces, thereby playing a role in the equilibria and kinetics of
adhesion by classical cadherins.

25

CHAPTER III
The purpose of this chapter is to discuss aspects of the studies presented in Chapter II that
were not adequately discussed in the context of the published work. The use of the two domain
construct and analysis of data will be further discussed. In addition, an extended interpretation
of the results will be discussed that highlights differences in E- and N-cadherin that may lead to
differences in dimerization affinity.
THE TWO-DOMAIN CONSTRUCT
All studies reported in this thesis used a truncated construct containing only the first two
extracellular domains of N-cadherin. NCAD12, the minimal functional unit of dimerization, is a
well characterized construct [9, 67, 68]. Use of NCAD12 reduces non-specific aggregations that can
occur with the five-domain construct. Using a minimal construct also lets us focus on specific
residues possibly responsible for the electrostatic tuning mechanism we see. We acknowledge
that differences between the NCAD12 construct expressed in E. coli cells used here and the five
domain construct used in cell-based systems are potentially profound, specifically in the pH
studies performed by Baumgartner et. al. It is easy to lose perspective of the five-domain
physiological construct when interpreting results gathered using the abbreviated two-domain
construct. NCAD12 expressed in E.coli lacks post-translational modifications and significant
glycosylations that could impact pH-dependent studies [118, 119]. There is also the question
concerning the physiological relevance of D*apo. We do not know if this construct occurs in
vivo, but it is useful in the analytical assays implemented for dimerization studies. These
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differences should be taken into account when interpreting these results and applying
conclusions to physiological relevancies.

ANALYSIS OF DATA
Thermal Denaturation
The increase in stability consistent with a decrease in pH was expected. The protonation
of acidic or histidine residues would decrease the net charge of an already acidic protein. The
observed increase in stability could be the result of a loss of electrostatic repulsion stemming
from the decrease in overall net charge of NCAD12. It would be interesting to see the effect on
stability of a thermal denaturation at pH 5.5 considering the observed decrease in calciumbinding affinity at this pH. It is at pH 5.5 that we see a profound change in dimerization affinity
as well. However, this was not determined due to protein precipitation. We would expect the Tm
to increase again, perhaps to a greater extent than the pH 6.5-6.0 transition.
It is known that EC2 unfolds before EC1 from previous work [12].

With two distinct

transitions, we can truncate the data to resolve thermodynamic values for EC2 and EC1
separately. As pH decreased, protein precipitated at higher temperatures causing a dramatic loss
of signal during the EC1 unfolding transition. Previous studies show that the stability of EC2
was affected by L1 and L2, but not by EC1 [113]. This only allowed data to be resolved from
EC2, therefore, all residues with estimated pKa values in the experimental range in L1-EC2-L2
must be considered.

For this reason, E119, with a predicted pKa of 5.9, should be examined

further. E119 is the only other non-calcium-binding residue in EC2 with an estimated pKa in our
experimental range. E119 is located on the bottom of EC2 by a cluster of negatively charged
residues at the AB loop within 5.7 Å of the linker 2 residue (D215) and 6.3 Å of two other acidic
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residues in the EF loop (D179 and E181). Repulsion between these components would lead to
an increase in energy of the domain. We would predict that the protonation of E119 would
decrease the net charge and increase stability to EC2. There was no increase in stability in the
calcium-bound state, presumably due to a more stable, rigid structure induced by calcium
binding. This implies that calcium binds with sufficient affinity to dramatically out-compete
hydrogen ions for the binding sites. To further these studies, protein denaturing studies in the
presence of urea as a function of pH should be performed. Perhaps stability at lower pH values
can be resolved.
Calcium-binding Affinity
The effect of pH on NCAD12 calcium-binding affinity was expected as well. A gradual
decrease in calcium-binding affinity until pH 6.0 followed by a sizeable decrease at the pH 6.05.5 transition points to the protonation of acidic residue(s), notably calcium-binding residues.
Calcium titrations were unable to be performed at pH 5.0; however, we would expect a further
decrease in calcium-binding affinity. It is likely that the competitive binding between calcium
and hydrogen ions at the calcium-binding sites accounts for the loss in binding affinity. It is also
possible that protonation of acidic and histidine residues results in a structural change that is not
conducive to calcium binding. From the results of PROPKA 3.1, we would expect the
protonation of D134 and/or D136 to be responsible for the decrease in calcium-binding affinity.
As stated earlier, the prediction of pKa values of residues with bound ligands is difficult despite
PROPKA 3.1 being designed for such instances. For this reason, it is difficult to assign a
specific residue as a main contributor to the decrease in calcium-binding affinity as a function of
pH. Mutations of calcium-binding residues will not work for such studies since they will result
in a decrease or loss of calcium binding all together [89, 98]. Therefore, alternate studies must be
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designed for the elucidation of the pH-dependency of calcium binding on NCAD12 such as
NMR [120].
Dimerization Affinity
We did not expect to see an increase in dimerization affinity coincident with a drop in
pH. It was expected that the decrease in calcium-binding affinity, albeit slight, would hinder
dimer formation. We believe the observed increase in dimerization is a result of the electrostatic
surface of NCAD12 becoming less negatively charged. Salt-dependent studies reinforced this
idea by screening charged residues, or in the pH-dependent studies’ case, protonation of charged
residues. Protonation of acidic residues at sites around either the X-dimer interface or SS-dimer
interface, both in EC1, would reduce electrostatic repulsion between two monomers. If we
consider only EC1, the possible contributors are quite limited. Through review of the strandswapped structure of the first two domains (2QVI), we propose that D1, E20, D27, D29, and
D93 are potential contributors to the interaction between protomers at the strand-swapped
interface. D1, D27, and D29 are all located on the surface and within ~9 Å from the dimer
interface (designated as centered of E89). E20 and D93 are located on the “strand-swapped”
face of EC1, or the side of a NCAD12 protomer that faces the partner NCAD12 protomer during
dimerization. All of these residues have pKa values between 5-3. Perhaps one or more of these
residues have actual pKa values closer to 5.5 where we see a dramatic shift in dimerization
affinity. It is also possible that the pKa values of these residues shift when the ss-dimer forms, or
for the ss-dimer to form, they must shift. Presumably, these residues are no longer exposed to
solvent in the ss-dimer conformation which would result in some pKa shift toward the basic
range.
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Furthermore, we acknowledge that the protonation of His residues could also increase
electrostatic attraction between protomers, leading to an increase in dimerization. Of course, in
the case of histidine, protonation would result in a positive charge, not the loss of a negative
charge. Considering that NCAD12 is an acidic protein, added positive charges would decrease
the net negative charge. The three His residues have predicted pKa values in our experimental
range and, presumably, are protonated. Histidine residues have been known as pH “sensors”,
and mutations of these residues could point to one or more being critical in the tuning of
NCAD12 dimerization affinity. In particular, H79, which is located near the strand-swapped
dimer interface, could be a key residue in tuning dimerization affinity. The reduction of a net
negative charge at the dimer interface and “strand-swapped” face of NCAD12 would result in
decreased electrostatic repulsion between protomers possibly leading to increased dimerization
affinity.
pKa Empirical Computation
Assigning specific residues that account for the changes in stability, calcium-binding
affinity, and dimerization affinity is difficult without the use of a computational method of
predicted pKa values. Ideally, protein NMR would be implemented to experimentally determine
pKa values for ionizable residues; however, the size and charge of NCAD12 brings challenges.
Given the scope of the current study, it was decided to use the empirical program, PROPKA 3.1
to estimate pKa values. The 2QVI structure contains the three calcium ions bound to NCAD12
in its monomeric form. The presence of calcium ions can hinder proper pKa calculation due to
the empirical nature of PROPKA 3.1. Bound ions can influence the pKa values of surrounding
residues. These shifts in pKa values can be difficult for an empirical program, such as
PROPKA, to detect. To account for this, we also implemented a second computational program
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to compare estimated pKa values to PROPKA. H++ uses a continuum electrostatic model to
solve the Poisson-Boltzmann equation[121]. Specifically, we wanted to look for differences in
estimated pKa values of the calcium-binding residues. Resulting estimated pKa values were
drastically shifted to the basic range compared to PROPKA 3.1. Most all titratable residues were
shown to have pKa values above 11 despite solvent exposure. In the case of calcium-binding
residues, D103 has an estimated pKa at 7.6, all others having pKa values above 11. The large
pKa values of these residues were confusing, in that, it would be highly unlikely that all acidic
residues would have pKa values above 11, even if all were buried. Considering we don’t see a
shift in calcium binding until around pH 6.0, it was determined that H++ was not ideal for
NCAD12.

COMPARISON OF E- AND N-CADHERIN
A comparison of sequences of E-cadherin to N-cadherin provides the basis of hypotheses
on the pH-dependency of the former. Sequence comparisons were performed by the program
LALIGN[122] and are shown in Figure 4. Considering that ECAD12 has a lower pI and more
negatively charged at physiological pH, one would predict that pH would have a larger effect
than on NCAD12. Figure 5 shows the location of titratable residues in ECAD12 and NCAD12.
ECAD12 has two more basic residues and eight more acidic residues than NCAD12. In EC1
alone, there are four more acidic residues. Most titratable residues are located around the
calcium-binding sites and dimer interfaces in both structures. ECAD12 has an abundance of
titratable residues located at the SS-dimer interface that could be responsible for tuning
dimerization affinity. Figure 6 identifies all titratable residues in EC1 of ECAD12. The ratio of
acidic to basic residues in the SS-dimer region could govern ECAD12’s susceptibility to pH.
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Specifically, we would look at residues D1, K25, R28, D29, K30, E31, K33, E56, E89, D90, and
D93. These residues would, presumably, factor into an electrostatic tuning mechanism due to
their proximity to the SS-dimer interface.

Our NCAD12 dimerization-affinity studies show that

residues in this location can effect dimerization dramatically as pH decreases. In the case of
potential ECAD12 studies, we could perform the experiments done on NCAD12, including
computational work.
These experiments provide a foundation for future work that can further characterized
NCAD12 as a pH-dependent protein. The ultimate goal of identifying critical amino acid
residues that act as switches for the electrostatic tuning mechanism can be accomplished with
single-site mutant studies. Results show that with a drop in pH, NCAD12 exhibits an increase in
stability, decrease in calcium-binding affinity, and an increase in dimerization affinity. From
these results we can conclude that NCAD12 is sensitive to an electrostatic tuning mechanism due
to the protonation of acidic or histidine residues.
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Table 1. Results from Thermal Denaturation Experimentsa
Protein
ΔHm
Tm (°C)
ΔG˚b
State
(kcal/mol)
(kcal/mol)
pH 7.4
apo
74 ± 3
44.0 ± 0.1 1.6 ± 0.2
Ca
90 ± 3
56.6 ± 0.1 4.8 ± 0.2
pH 7.0
apo
71 ± 3
44.7 ± 0.2 1.6 ± 0.1
Ca
91 ± 5
56.3 ± 0.2 4.8 ± 0.1
pH 6.5
apo
71 ± 3
46.0 ± 0.2 1.9 ± 0.2
Ca
94 ± 2
56.2 ± 0.1 4.9 ± 0.2
pH 6.0
apo
67 ± 2
48.5 ± 0.5 2.2 ± 0.2
a
Gibbs Helmholtz equation where ΔCp was fixed at 1 kcal mol-1 K-1[97]. Reported errors
Buffer

were resolved from global analysis of replicate experiments.
b

Values were calculated at 37 °C.
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Table 2: Free Energies of Calcium Binding Resolved from Analysis of Calcium Titrations
ΔG°a
(kcal/mol)
7.4
-6.2 ± 0.2
7.0
-6.0 ± 0.2
6.5
-5.8 ± 0.3
6.0
-5.6 ± 0.3
5.5
-5.0 ± 0.2
Values were calculated at 25 °C
pH

a
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Table 3. Results from Analytical SEC for the Assembly of the Calcium-Saturated Dimer
pH

Kd (μM)

χD (%)

7.4
7.0
6.5
6.0
5.5
5.0

25 ± 3
23 ± 4
21 ± 2
20 ± 2
14 ± 1
9±1

49 ± 3
50 ± 3
52 ± 2
53 ± 3
58 ± 1
65 ± 1

ΔG˚
(kcal/mol)
2.2 ± 0.1
2.2 ± 0.1
2.3 ± 0.1
2.3 ± 0.1
2.5 ± 0.1
2.8 ± 0.1
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[NaCl]

Kd (μM)

χD (%)

60 mM
140 mM
500 mM
750 mM
1M
-

40 ± 1
31 ± 5
23 ± 2
21 ± 3
13 ± 2
-

39 ± 1
45 ± 4
48 ± 1
50 ± 2
57 ± 2
-

ΔG˚
(kcal/mol)
1.9 ± 0.1
2.0 ± 0.1
2.2 ± 0.1
2.3 ± 0.1
2.6 ± 0.1
-

Table 4. Results from PROPKA Predictions.

a

Residue
Predicted pKaa Predicted pKab
D27
4.0
4.0
D29
2.5
2.5
c
D67
1.3
2.4
D93
3.7
3.7
c
D103
2.3
4.1
c
D134
6.2
7.4
c
D136
3.2
5.6
c
D194
3.6
4.4
c
E11
7.5
9.1
c
E69
4.7
6.3
E89
3.3
3.3
E119
5.9
5.9
H75
6.1
6.1
H79
5.7
5.7
H110
6.3
6.3
Calcium ions retained in 2QVI structure

b

Calcium ions removed from 2QVI structure

c

Calcium-binding residues
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Model pKa
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
4.5
4.5
4.5
4.5
6.1
6.1
6.1

APPENDIX B: FIGURES
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FIGURE 1:

Figure 1: Thermal denaturation of NCAD12 as a function of pH and calcium. First unfolding
transition of NCAD12 at pH 7.4 (red), 7.0 (green), 6.5 (blue), and 6.0 (black) are shown in the
apo state (closed) and with 2.5 mM Ca2+ added (open). CD signal at 227 nm is reported. Solid
lines are simulated based on parameters resolved from the Gibbs-Helmholtz equation. Resolved
Free energy values are given in Table 1.
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FIGURE 2:

Normalized CD Signal
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Figure 2: Calcium titrations of NCAD12 as a function of pH. NCAD12 was titrated with
calcium at pH 7.4 (red), 7.0 (green), 6.5 (blue), 6.0 (black), and 5.5 (cyan); the CD signal is
plotted against total calcium concentration.

Solid lines are simulated based of parameters

resolved from global analysis of at least two separate experiments. Data are normalized and
offset for clarity. Resolved values for the change in free energy of binding are shown in Table 2.
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FIGURE 3:
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Figure 3: Analytical SEC chromatograms to assess the impact of pH on the disassembly of D*apo
(A) and assembly of Dsat (B) at pH 7.4 (red), pH 7.0 (green), pH 6.5 (blue), pH 6.0 (black), pH
5.5 (cyan), and pH 5.0 (pink). Analytical SEC chromatograms to assess the impact of NaCl
concentrations (C) at 60 mM (red-dash/dot), 140 mM (pink), 500 mM (green), 750 mM (cyan),
and 1 M (blue-dash) on the assembly of Dsat. Y-axis was normalized to reflect dimer percentage.
Resolved free energy and dissociation values for (B) and (C) are in Table 3
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FIGURE 4:
ENENENEN-

DWVIPPISCPENEKGEFPKNLVQIKSNRDKETKVFYSITGQGADKPPVGVFIIERETGWL
:::::::. ::: .: ::..::.:.:.:::. .. ::.:: :::.::.:.:::. .: :
DWVIPPINLPENSRGPFPQELVRIRSDRDKNLSLRYSVTGPGADQPPTGIFIINPISGQL
KVTQPLDREAIAKYILYSHAVSSNGEAVEDPMEIVITVTDQNDNRPEFTQEVFEGSVAEG
.::.::::: ::.. : .:::. ::. ::.:..:::.: :.::::::: ..:..::: ::
SVTKPLDRELIARFHLRAHAVDINGNQVENPIDIVINVIDMNDNRPEFLHQVWNGSVPEG
AVPGTSVMKVSATDADDDVNTYNAAIAYTIVSQDPELPHKNMFTVNRDTGVISVLTSGLD
. ::: :: :.: :::: :. :. . : :.:: : : ::::.: .:: : ....:::
SKPGTYVMTVTAIDADDP-NALNGMLRYRILSQAPSTPSPNMFTINNETGDIITVAAGLD
RESYPTYTLVVQAADLQGE---GLSTTAKAVITVKDINDNAP
::.
:::..::.:..:.
:::.:: ::::: :.::: :
REKVQQYTLIIQATDMEGNPTYGLSNTATAVITVTDVNDNPP

Figure 4: Neural- and epithelial cadherin sequence comparison via LALIGN. Aligned
sequences are shown with two dots designating alike residues and a single dot representing a
similar amino acid based on charge, structure, hydrophobicity, etc.
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FIGURE 5:

Figure 5: NCAD12 (left) and ECAD12 (right) displayed with titratable residues highlighted.
Acidic residues are shown in red while basic residues are shown in blue. Clustering of titratable
residues are specific locations on both proteins allow for the electrostatic tuning mechanism
shown by NCAD12 results as well as possible hypotheses for future work on ECAD12.
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FIGURE 6:

Figure 6: ECAD12 is shown with highlighted titrabable amino acid residues. Residues
highlighted are all titrabable residues in EC1.
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